Considering a double JC model, this paper investigates the quantum discord dynamics of two isolated moving two-level atoms each interacting with a single-mode thermal cavity field, and studies the effect of the atomic motion and the field-mode structure on quantum discord. The results show that, on the one hand the quantum discord evolves periodically with time and the periods are affected by the atomic motion and the field-mode structure; on the other hand, the quantum discord still can capture the quantum correlation between the two atoms when the entanglement is zero. It is interesting to note that the quantum discord can be effectively preserved by controlling the field-mode structure parameter. 
Introduction
Quantum information processing (QIP), which is related to quantum entanglement (QE), provides more different ways for manipulation of information than the classical one. The QE is something unique without a classical counterpart, and has been viewed as a key resource for QIP, such as quantum teleportation [1] , quantum cryptography [2] , quantum dense coding [3] and quantum computation [4] , etc. Yet, the QE is very sensitive to the systemenvironment interaction and the initial state of the system. When considering an initial entangled state exposed to * E-mail: huyaohua1@sina.com local noisy environments, the entanglement may decrease abruptly and nonsmoothly to zero in a finite time, which is called entanglement sudden death (ESD) [5] [6] [7] . However, recent researches have shown that entanglement is not the only measure of quantum correlation, and a new but promising candidate is the quantum discord [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Quantum discord, first introduced by Ollivier and Zurek [16] , is defined as the difference between the total correlation and the classical correlation with the following expression (ρ AB ) = (ρ AB ) − (ρ AB )
Here the total correlation between two subsystems A and B of a bipartite quantum system ρ AB is measured by quantum mutual information, where S(ρ AB ) = −T (ρ AB 2 ρ AB ) is the Von Neumann entropy [28] , ρ A = T B (ρ AB ) and ρ B = T A (ρ AB ) are the reduced density operators of the subsystems A and B, respectively. The measure of classical correlation is introduced implicitly by Olliver and Zurek [16] and interpreted explicitly by Henderson and Vedral [17] . The classical correlation between the two subsystems A and B may be defined as
where {Π } is a complete set of projectors to measure the subsystem B, and
/ is the state of the subsystem A after the measurement resulting in outcome with the probability
, and I A denotes the identity operator for the subsystem A. Here, maximizing the quantity represents the most information gained about the system A as a result of the perfect measurement {Π }. It can be shown that the quantum discord is zero for states with only classical correlation and nonzero for states with quantum correlation. Quantum discord has a significant application in deterministic quantum computation with one pure qubit (DQC1) [18] [19] [20] . What's more, quantum discord has also been extensively used in studies of quantum phase transition [21] , estimation of quantum correlation in the Grover search algorithm [22] , to define the class of initial system-bath states for which the quantum dynamics is equivalent to a completely positive map [23] , and to measure the quantum correlation between relatively accelerated observers [24] . As we all know, due to decoherence and other interactions with the environment, it is very hard to produce and maintain entanglement of pure states. Thus, understanding and quantifying entanglement of mixed states becomes more and more important. In this paper, we consider two isolated two-level atoms (such as two qubits located anywhere in a large network [7] ) each separately interacting with a cavity field which is initially in single-mode thermal state. A thermal state, which represents a system in contact with a large reservoir with a specific temperature, is the most common mixed state. It is to be noted that a recent study shows that, although quantum discord is equal to the entanglement for pure states, it still includes the quantum correlations which are contained in mixed states that are not entangled [25] [26] [27] . So, on one level it seems that the quantum discord is more practical than entanglement to describe quantum correlation. For this reason, we study the quantum correlation of two atoms by quantum discord in this paper.
Furthermore, we will examine the effects of the atomic motion and the field-mode structure on the dynamic behaviour of the quantum discord in the present work. Because atomic motion is in existence, and when the momentum of the atom is comparable with that of the photon, the effect of quantum mechanical centre-of-mass motion becomes important, therefore the atomic motion must be taken into consideration. Besides, with the development of the laser-cooling technique, the slow-moving atoms can be obtained easily. Therefore, some interesting researches on atomic motion have been carried out [29] [30] [31] [32] [33] [34] . These researches have shown that the atomic motion and the field-mode structure can bring about the nonlinear transient effects of atomic population [29] , control the entanglement and realize the quantum gate operation [30] , influence quantum fluctuations of a single atom in a weakly driven cavity [31] , and suppress the Rabi oscillations of an atom irradiated by a laser in resonance with the atomic transition [32] . Our previous study has found that the atomic motion changes the time to create a Schr¨ dinger cat state [35] . It is natural that we want to know what about the quantum discord under the influence of the atomic motion and the field-mode structure in the thermal cavity field. Is there any difference between the quantum discord and entanglement in this case? And can it be effectively protected from the influence of the high temperature of the cavity? To the authors' knowledge, these problems have never been discussed before. In this paper, we will answer all these questions by investigating the quantum discord dynamics of two atoms of a double JC-model system, which consists of two physically independent, ideal cavities, each of them containing a moving two-level atom. Thereafter, there is no physical interaction between the atoms, and each one of them interacts solely with the respective cavity field. The two atoms have been initially prepared in an entangled state and each cavity field has been in a single-mode thermal state.
The dynamics of discord and entanglement
We consider a double JC model, which consists of two identical moving two-level atoms labelled A and B, and two single-mode thermal cavity fields labelled and . Each atom-cavity system is isolated (atom A at a constant velocity interacting only with field and similarly for the atom B and the field ). The dynamics of this model is given by the double JC Hamiltonian
where the Hamiltonians (under the rotating wave approximation and assuming¯ = 1) are [36] 
½ where ω is the transition frequency between the atomic excited and ground states, ν is the field frequency, and + ( ) is the photon creation (annihilation) operator of the cavity mode. The effective coupling constant between the cavity field and the atom is , and σ , σ + , σ − are the atomic inversion, raising and lowering operators, respectively. We restrict our studies for atomic motion in the -axis direction so that only the -dependent field-mode function needs to be taken into account. ( ) denotes the mode structure of the cavity field, which can be specified as [37] 
where is the atomic velocity, ( = A B) represents the half-wave number of the cavity field with the length L. For simplicity, we assume that
and ω = ν (on-resonance interaction). Using standard techniques, it can be shown that H in the equation (5) gives rise to the following time evolution operator in the interaction picture:
where θ(
1 − cos(β ) , and β = π /L. For a particular choice of the atomic motion ve-
We assume that the two atoms are initially in a partially entangled atomic pure state, |Ψ(0) = (| + | )/ √ 2. The two cavity fields and are initially in single-mode thermal field states:
The weight functions P and P are
−1 are the mean photon numbers of the two thermal cavity fields and , corresponding to the equilibrium cavity temperatures T and T , respectively, and B is the Boltzmann constant. The calculation of the density operator follows the traditional route in quantum optics, using the evolution operator, we can generate the density operator evolution of the system at time : (11) where ρ AB (0) = |Ψ(0) Ψ(0)| is the atom-atom density operator at initial time. We can obtain the reduced density matrix ρ IAB ( ) of the two atoms at time by tracing over the field variables. In the atomic basis | | | | , the reduced density matrix ρ IAB ( ) can be written as where the matrix elements are expressed as follows:
Here * stands for the complex conjugate, P and P are given by the equation (10), and the time-dependent operators are expressed by
where θ( ) is given by the equation (8) .
In order to follow the entanglement dynamics of the two two-level atoms, we choose the Wootters entanglement measure [38, 39] , the concurrence C , defined as
where λ 1 · · · λ 4 are the eigenvalues of the matrixρ = ρ(σ ⊗ σ )ρ * (σ ⊗ σ ). ρ is the density matrix representing ½ the quantum state, and the matrix elements are taken with respect to the basis of | , | , | , | . The range of the concurrence is from 0 to 1. For unentangled qubits C = 0, whereas C = 1 for the maximally entangled qubits. In particular, the concurrence, for the density matrix of Eq. (12) , is expressed by
For calculation of the amount of the discord, we propose the complete set of orthogonal projectors {Π 1 = |θ θ | Π 2 = |θ ⊥ θ ⊥ |}, where |θ = cos θ|0 + φ sin θ|1 and |θ ⊥ = − cos θ|1 + − φ sin θ|0 , for a local measurement performed on the subsystem B. Then we can evaluate the maximum of (ρ AB ) numerically by varying the angle θ and φ from 0 to 2π, respectively. The dynamics of the quantum discord and entanglement between the two isolated two-level atoms are plotted in Figure 1 versus . Each atom moves at a velocity = L/π, and interacts with a single-mode thermal field in their own cavity. The solid line presents quantum discord, the dotted line is for concurrence. It can be seen that, the time evolutions of the quantum discord and entanglement are similar, and exhibit the periodic dynamics with the same period of 2π/ . It can be understood by using equation (8) . From equation (8), θ( ) = 1 1 − cos( ) , we observe that θ( ) is a periodical function on the scaled time with a period of 2π/ . When = 4, the period is π/2 (as shown in Figure 1a) ; when = 2, the period is π (as shown in Figure 1c) . It is noteworthy that, the minimum of the quantum discord is always greater than that of concurrence. And that the entanglement can terminate abruptly in finite time (which is so-called ESD), and will remain zero for a period of time before it recovers for the large value of the mean photon number (as shown in Fig. 1b) by the dotted line) or the small value of the field-mode structure parameter (the dotted line in Fig.  1(c) ). However, the quantum discord still can capture the quantum correlation between the two atoms when the entanglement is zero. That means the quantum discord can reveal the quantum correlation in some states that are not entangled. Although the quantum discord can capture the quantum correlation between the two atoms when the entanglement is zero, the value is very small and the quantum correlation is not apparent. This limits its extensive applications in QIP. So, it is very important how to bring about effective longtime protection for quantum discord. As shown in Figure 2 , we show the effect of the atomic motion and field-mode structure on the dynamic of quantum discord. Here each atom moves at the same velocity = L/π for different field-mode structure parameter with the mean photon number¯ =¯ = 1. It is interesting to note that the quantum discord can be preserved in this case. The minimum value of the quantum discord goes up with the increase of , and long-living quantum discord can be obtained (as shown by the dashed and solid lines). This result is easy to interpret. From equations (1), (12) and (13), we find that the quantum discord reduces to the minimum at = (2 + 1)π/ ( = 0 1 2 · · · ), and the minimum value is dependent on¯ ,¯ and | cos[ ( )/ ]|. It is obvious that the function | cos[ ( )/ ]| is in direct proportion to the parameter for ≥ 1. So the minimum value of the quantum discord goes up with the increase of when only the value of the field-mode structure parameter changes. Figure 3 displays the dependence of the quantum discord between the two atoms on the mean photon number, which means how the temperature of the cavity produces an effect on the quantum discord. We can see from the figure that quantum discord weakens gradually in the beginning, and then remains weak for a period of time before quantum discord increases to the maximum value again. It is worthwhile to note that the evolution period 2π/ and the maximum value (equals to 1) remain unaffected when the values of the mean photon numbers and¯ change. In addition, with increase of the mean photon numbers¯ and¯ in each cavity, the time interval of the weak discord is prolonged. This is because, when the mean photon number increases, the weight factor P (or P ) of the single-mode thermal field becomes highly flat, which washes out quantum correlation.
It is worth mentioning that, for the initial state |Ψ(0) = (| + | )/ √ 2, the behaviours of quantum discord and entanglement will be similar to those we have shown above.
Conclusion
We have investigated the quantum discord and entanglement between two isolated moving two-level atoms each separately interacting with a single-mode thermal cavity field. We observed that the time evolutions of the quantum discord and entanglement are similar, and exhibit the periodic dynamics with the same periods which are affected by the atomic motion and the field-mode structure. In addition, the minimum value of the quantum discord is always greater than that of the entanglement, and when concurrence is zero the quantum discord still can capture the quantum correlation between the two atoms, which can offer a valuable resource for quantum information technologies. Therefore, the quantum discord could be considered, in this scenario, as a better measure of quantum correlation than entanglement for the system considered in this paper. It is interesting to note that the quantum discord can be effectively preserved by controlling the field-mode structure parameter . These properties show that the discord dynamics of the two atoms is strongly influenced by the atomic motion and the field-mode structure, which should motivate further investigations on the feasibility of using the atomic motion and the field-mode structure in the practical manipulation of quantum correlation.
